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ABSTRACT

Normal epithelial and endothelial cells re-
quire attachment to extracellular matrix (ECM)
proteins to grow or survive. In these anchorage
-dependent cells, loss of interaction with the
ECM proteins triggers apoptosis which is
termed anoikis. Anoikis undoubtedly plays an
essential role in the development and organiza-
tion of normal tissues through its inhibitory ef-
fect on unfavorable cellular proliferation at inap-
propriate locations. In this regard, anoikis con-
tributes to the maintenance of the physiological

state. Importantly, disturbance of anoikis may
allow cell proliferation at inappropriate sites and
thus may be tightly linked to cancer develop-
ment. Indeed, we have found that suppression
of anoikis promotes peritoneal dissemination or
metastasis of several carcinoma cells. These
data imply that clarification of the molecular
mechanism which regulates anoikis will, in turn,
greatly help the regulation of cancer progres-
sion. Here we summarize recent advances in the
field of anoikis regulation.
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1. Introduction

Epithelial, endothelial and muscle cells re-
quire tight interaction with extracellular matrix
(ECM) proteins to grow or survive. When these
anchorage-dependent cells lose this interaction,
they gradually fall into apoptosis, which is
termed anoikis”. Anoikis is considered to play a
pivotal role in the development and organization
of normal tissues through its inhibitory effect on
unfavorable cellular proliferation at inappropri-
ate locations. This implies that disturbance of
anoikis may allow inappropriate cell growth and
that it is thus tightly linked to cancer develop-

ment. In this regard, regulation of anoikis may
be crucial for an understanding of cancer and
other abnormal developments.

Normal epithelial cells attach to the ECM
proteins through integrin receptors. Thus, loss
of anchorage leads to inactivation of integrin
receptor-mediated signals in anchorage-dependent
cells. To date, it has been revealed that lots of
signaling pathways link to integrin receptors
and protect epithelial cells from anoikis. Ligand-
bound integrin receptors activate both focal ad-
hesion kinase, FAK? and integrin-linked kinase,
ILK? which introduce tyrosine and serine/
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threonine phosphorylation, respectively. Impor-
tantly, FAK modulates the organization of cy-
toskeletal proteins, while ILK strongly activates
PKB/Akt”. These kinases introduce cell survival
signals, and thus play central roles in suppres-
sion of anoikis. Conversely, phosphatases may
reverse their inhibitory effects on anoikis. In
this regard, phosphorylation is a central event
following integrin receptor-mediated signals. Ad-
ditionally, it is also thought that apoptosis-
related molecules, Bcl-2 family members, cas-
pases and their regulators, may contribute to
the regulation of anoikis either dependently or
independently of phosphorylation events. Since
the functions of these molecules are not directly
linked to cell attachment, their contribution re-
mains uncertain. It seems rather likely that
phosphorylation events play central roles in the
regulation of anoikis. Among the integrin
receptor-coupled kinases, Akt seems to play a
pivotal role in the suppression of anoikis, since a
variety of molecules implicated in the apoptotic
process have been identified as substrates of
Akt. In this paper, we focus on phosphorylation
events and describe recent advances concerning
regulation of anoikis.

2. Positive regulators of anoikis

In anchorage-dependent cells, loss of an-
chorage leads to several apoptotic signals as
shown in Fig. 1. It has been found that Jun N-
terminal kinase (JNK) is activated in and pro-
motes anoikis in a manner which is dependent
on increased caspase activity”. Namely, loss of
anchorage activates DEVD motif-specific cas-
pases, which can cleave MEKK-1 specifically to
remove an inhibitory N-terminal domain, there-
after activating JNK as a downstream event®.
However, the results of one report controver-
sially showed that JNK activation is not re-
quired for anoikis to proceed”. Thus, JNK acti-
vation may not be an initial event, but rather a
secondary event following anoikis.

Caspase-8 is also activated during anoikis
Caspase-8 is a member of the apoptosis operator
caspases, and is activated by oligomerization

89)

with FAS-associated death domain protein
(FADD). Both caspase-8 activation and subse-
quent cell death from anoikis are strongly inhib-
ited by dominant-negative FADD, however inhi-
bition of CD95, DR4 and DR5 receptors fails to
block the events. In addition, the events occur
at an initial stage of anoikis. Thus, FADD-
mediated caspase-8 activation is a crucial event
for anoikis to proceed. However, the precise mo-
lecular mechanism by which FADD-mediated
caspase-8 activation takes place remains to be
clarified.

The possible involvement of PTEN in the
regulation of anoikis is suggested”. PTEN (phos-
phatase and tensin homolog deleted from chro-
mosome 10) is a tumor suppressor gene, which
suffers loss of heterozygosity in many human
cancers and somatic mutations or deletions in a
large fraction of tumors. PTEN contains a pro-
tein tyrosine phosphatase domain and nega-
tively regulates FAK and Shc. Importantly, it
has been reported that reintroduction of PTEN
into the cells carrying mutated PTEN leads to
direct dephosphorylation of FAK by PTEN,
thereby inhibiting the integrin-mediated -cell
survival signal. In addition, recent study has re-
vealed that PTEN also inhibits ILK-mediated
Akt activation in prostate cancer cells". From
these data, PTEN is believed to be a positive
regulator of anoikis by inactivation of FAK and
ILK.
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Fig. 1 Positive regulators of anoikis
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3. Negative regulators of anoikis

As described above, integrin-mediated sig-
nals protect epithelial cells from anoikis and are
considered to have a central role in negative
regulation of anoikis (Fig. 2). Akt is the best can-
didate for negative regulator of anoikis since a
variety of molecules implicated in the apoptotic
process, such as the Bcl-2 family member
BADY, IkB kinase™ and caspase-9', have been
identified as substrates of Akt. BAD is a BH3-
only protein and functions as a proapoptotic
molecule. Importantly, BAD is negatively regu-
lated by Akt through direct phosphorylation at
three serine residues”. Akt also phosphorylates
IkB and activates its enzymatic activity". Since
activated IkB kinase negates the interaction of
IkB with NF-kB by direct phosphorylation, lead-
ing to activation of NF-kB-mediated signals, Akt
eventually activates NF-kB signals, which con-
tribute as strong survival signals in a variety of
cell types. Phosphorylation of caspase-9 leads to
its rapid degradation and the termination of
caspase-dependent apoptotic signals'.

Integrin-mediated signals also introduce ty-
rosine phosphorylation events through activa-
tion of FAK. Constitutively activated forms of
FAK rescued at least two established epithelial

Growth

Integrin
factor

Thr308 Ser473

—
/ 3 \ o
Caspase-D

Fig. 2 Integrin receptor-mediated signals

cell lines from anoikis”. Importantly, activated
FAK can transform MDCK cells, by the criteria
of anchorage-independence and tumor formation
in nude mice. Thus, the data strongly suggest
that this type of transformation results primar-
ily from resistance to anoikis rather than from
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aberrant cell proliferation, implying a crucial
role for anoikis in oncogenesis. To date, it has
been found that FAK interacts with a number
of cellular proteins, including c-src, GRB2,
phosphatidylinositol-3-kinase, paxillin, and p130°.
Although these signaling molecules may con-
tribute to FAK-mediated suppression of anoikis,
current studies, which have failed to identify
the molecule directly responsible for protecting
cells from anoikis, that suggest their contribu-
tion is unlikely. Thus, it remains to be eluci-
dated how FAK prevents anoikis.
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Fig. 3 Structures of Bcl-2 family members

4. BH3-only proteins BAD and Bmf

BAD is a BH3-only protein among the Bcl-2
family members (Fig. 3). BAD is ubiquitously ex-
pressed in a variety of normal tissues, and at its
highest level in epithelial cells'. Thus, BAD
may contribute to cell death preferentially in
epithelial cells. As described above, normal epi-
thelial cells are anchorage-dependent, and their
life seems to be maintained mainly by the inter-
action of integrin receptors with ECM proteins.
Since BAD is abundantly expressed in these
cells, and is negatively regulated by Akt, BAD
is likely to be a main regulator of their life.
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Although BAD is activated by an increase
in its protein levels, the activity is tightly regu-
lated by its phosphorylation levels. These are at
least three major phosphorylation sites in the
BAD molecule (Fig. 4). The p90** or PKB/Akt
phosphorylates BAD at Serl112/Ser136“' (28,
31). PKA also phosphorylates BAD at Serl55
which inactivates the pro-apoptotic function of
BAD"™. Highly phosphorylated BAD resides in
the cytoplasm as an inactive form and preferen-
tially binds to 14-3-3"*. Ligand-bound integrin
receptors introduce signals to maintain BAD in
a highly phosphorylated state by activated Akt.
Conversely, dephosphorylation of BAD leads to
loss of ability to interact with 14-3-3, and there-
after interaction takes place with anti-apoptotic
Bcl-2 family members Bel-X: and Bcel-2 at the
mitochondrial surface”™®. Recently, we clearly
demonstrate that BAD selectively augments
anoikis in MDCK cells. In addition, this effect is
totally abrogated by co-transfection of constitu-
tively active Akt (to be published elswere).
These data strongly suggest that BAD is a posi-
tive regulator of anoikis.

In addition, proapoptotic Bcl-2 protein BAX
is suggested to be involved in anoikis®. As de-
scribed above, caspase-8 is activated by anoikis.
Importantly, activated caspase-8 can generate a
cleaved form of Bid (tBid) ®, which preferen-
tially interact with BAX. The tBid-BAX interac-
tion results in a conformational change of BAX,
and leads to exposure of the two central helices
and the carboxy-terminal transmembrane do-
main to facilitate mitochondrial membrane inser-
tion, oligomerization, and pore formation. In this
regard, BAX may be an operator of caspase-8-
mediated cell death, and thus the involvement
of BAX in anoikis may not be a specific event.

More recently, another proapoptotic BH3-
only protein, Bmf, has been identified. Bmf is se-
questered to myosin V motors by association
with dynein light chain 2%. Loss of cell attach-
ment unleash Bmf, allowing it to translocate and
bind antiapoptotic Bcl-2 proteins. This strongly
suggests that Bmf is a new molecule which can
detect intracellular damage in cytoskeletal

structures and introduce apoptotic signals. In
this regard, Bmf is a good positive regulator of
anoikis.

5. Conclusions

In this paper, we describe recent advances
in the understanding of anoikis regulation.
Anoikis is obviously an important event not
only in cancer progression but also in organ de-
velopment. We have already shown that an-
tiapoptosis promotes metastasis and dissemina-
tion of carcinoma cells”®. In addition, we have
also developed the adenovirus-mediated caspase
-8 expression system and demonstrated that
this system can reduce peritoneal dissemination
of gastric cancer cells”. The data encourage us
to try to develop a novel anti-metastatic therapy
based on the augmentation of anoikis. In addi-
tion, we emphasize that regulation of anoikis is
crucial for reconstitution of organs, since unfa-
vorable cell growth must be avoided if normal
tissue formation is to occur. In this regard, clari-
fication of the process of anoikis and its regula-
tion is perhaps the most attracting issue in the
field of medical science.
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